and junction temperature evolution (ITRS) [1] .
Introduction
Increasing integration density in combination with increased performance of microelectronic components and systems is intensifying the demand for innovative assembly and packaging technologies. In particular, the need for efficient thermal management has arisen as a direct consequence of escalating power densities of single chips as well as high density packaging technologies, e.g. 3D integration. Figure 1 displays the anticipated increase in microprocessor heat flux (single chip package) according to the International Technology Roadmap for Semiconductors (ITRS) [1] . Historically microprocessors have exhibited doubling power densities every 36 months, and it is clear from figure 1 that this trend will dominate the coming years, reaching approximately 150 W per chip in 2010 [1, 2] . As projected by the aforementioned roadmap, figure 1 also indicates a decrease in maximum semiconductor junction temperature over time, from 95°C currently to 90°C. Maintaining control of die temperature as power densities increase is critical for both operating performance and long term reliability of the microelectronic system. The reliability of a semiconductor device is generally exponentially dependent on temperature and consequently only a moderate increase has a significant impact on device lifespan [3] .
Handling increasing power densities at maintained or lowered junction temperature requires radically improved thermal management technology, and current Thermal Interface Materials (TIM) have been identified as the main bottleneck, hindering a reduction of junction to ambient thermal resistance to future required levels « 0.2 KWl ) [1] . Current materials are commonly low cost composites based on a polymer matrix laden with thermally conductive particles, e.g. boron nitride, having bi-or tri-modal diameter distributions. Other alternatives include yielding indium alloy shims and polymer-solder hybrids for use in high-performance applications [4] . However, as stated, the performance of available materials is not sufficient for future demands and the scientific community has responded with intense research, mainly focused on composite systems based on carbon allotropes, predominantly carbon nanotubes, but also other nanostructured composites, based on e.g. nickel nanowires [5] [6] [7] [8] [9] [10] [11] [12] .
In this paper a unique type of thermal interface material based on a recently developed polymer-metal composite technology is introduced. These polymer-metal composites, consisting of a high porosity nanofibrous polymer network infused with a low-melting temperature ternary alloy, provides all-metal thermally conductive pathways from surface to surface (cf. with the intraparticle resistances inherent in particle filled polymer matrix composite systems), leading to excellent thermal performance. Furthermore, the melting temperature of the alloy system can be chosen to be below or above operating temperature, i.e. whether the material should operate as a phase-change material or not.
Experimental
The introduced composite thermal interface material is composed of two separate phases; the polymer nanofiber network reinforcement for structural support and balance of the fraction alloy/polymer in the composite, and the low melting temperature alloy for enhanced thermal performance and interface adhesion. Three consecutive steps were involved in preparing the final composite thermal interface material; electrospinning of the high porosity polymer film, metal coating of the individual fiber bodies in the film and, finally, pressure-assisted infiltration of the polymer network with a low melting temperature alloy.
As aforementioned, preparation of the high porosity polymer films was accomplished with a method referred to as electrospinning. The method enables manufacturing of thin high porosity polymer films, directly from polymer solution or melt, consisting of polymer fibers having diameters ranging from micro-to nanometer scale [13, 14] . In this work, electrospun films were prepared from polymer solution in large sheets with surface areas up to 0.2 m 2 and thicknesses of approximately 100 Jlm, later singulated into smaller pieces for further processing and evaluation. A commercial temperature stable thermoplastic elastomer (TPE) was selected for the experimental work. Prior to electrospinning, the thermoplastic resin was dissolved in a solvent composition, homogenized and transferred to an electrospinning device. The electrospun films were collected on aluminum substrates. To facilitate the subsequent pressure-assisted liquid metal infiltration of the fiber network, a thin metal coating was applied to the fibrous network in order to enhance wetting [15] . A low temperature wet chemical auto-catalytic process assisted by ultrasonic agitation for improved uniformity was utilized. After enhancing the wettability of the reinforcement, a ternary IniBi/Sn alloy with a eutectic melting point of 60°C was introduced into the fibrous network by forced infiltration, forming the final composite film.
Evaluation of thermal interface material performance was carried out using an apparatus designed according to the ASTM D5470 standard, providing information on thermal resistance and effective thermal conductivity via steady state measurements. The essence of the device is depicted in figure 2 . The thermal interface material under evaluation is compressed between to two aluminum heat flux meters (clearly visible in figure 2 ) and subjected to a steady state heat flux Q. The device consists of an upper displaceable section and a lower fixed section firmly connected via two linear guides. The rigid design ensures that the mating surfaces of the two heat flux meters remain parallel as the thermal interface material is subjected to pressure. Furthermore, to remove any inherent non-parallelism in the structure the mating surfaces are polished after device assembly. The apparatus itself is designed to operate in conjunction with an Instron 5548 MicroTester. In this manner both force application and positioning of the displaceable stage is accurately performed and monitored.
To establish a temperature gradient in the system, heat is applied in the upper section of the test column and removed in the lower. A 140 W power resistor positioned inside a copper block acts as a heater. To minimize heat loss to the ambient the heater is mounted inside a surrounding copper guard heater via a 6 mm thick thermally insulating block of Macor® ceramic. As generated heat travels through the test column it reaches a copper cooling block in the lower section, effectively removing heat via water passing through serpentinepatterned cooling channels, creating a significant temperature gradient in the system (> 10 3 Knf l at 60 W power input). To further isolate the thermal test column from ambient influence, the entire column was positioned between 13 mm thick blocks of Macor® ceramic providing thermal insulation.
To elucidate the thermal performance of the thermal interface material, i.e. the thermal resistance, R r [Km quantified by eight class A resistive temperature detectors, four in each heat flux meter. With these temperature sensors the temperature gradient in each heat flux is established and, with knowledge of the thermal conductivity of these, the heat flux through the sample is derived. Furthermore, by extrapolating the temperature gradients to the heat flux meter surfaces the temperature drop across the interface is determined. To acquire the final quantity necessary, the bondline thickness, two inductive position sensors (1 Jlm resolution) with ferrous targets placed at 2.5 mm distance from the surfaces of the heat flux meters were used. By coupling the sensors in differential mode any thermal expansion/contraction in the test column was effectively removed, resulting in high accuracy in situ bondline thickness measurements.
Uncertainty analysis of measurement data acquired with the above described device was carried out using the Kline-McClintock approach (indicated by error bars in the subsequent section) [16, 17] . Further details on the uncertainty analysis, as well as the test column described above, is presented in [18] .
Results and Discussion
Using the methods described in the preceding section, electrospun polymer films were manufactured, films which at a macroscopic level appear completely solid and impermeable. However, at a microscopic level these films reveal properties differing significantly to what is visually observable macroscopically. The SEM micrograph of figure 3 discloses a structure consisting of randomly oriented polymer fibers forming a high-porosity three dimensional structure of approximately 100 Jlm thickness. Closer inspection indicates a mean fiber diameter of 2.1 Jlm (60 individual measurements) and an estimated pore size of 10 ± 5 Jlm.
The high porosity network of polymer fibers allows for creation of high-thermally conductive pathways from surface to surface by infusing a low melting temperature alloy into the film, filling the pores visible in figure 3 . The infusion process is, as stated earlier, preceded by a metallization of the individual fiber bodies, resulting in a metal coating of approximately 300 nm thickness [18] . : SEM micrograph displaying an induced crack in the composite material. Despite alloy fracture, the polymeric network maintains integrity of the film due to the inherent elasticity of the elastomer, hindering total fracture. Inset: cross-section of a fractured film. The image reveals the polymer fiber network and all-metal high thermally conductive pathways provided by a thorough infiltration with the ternary alloy used.
The appearance of the final composite film is depicted in the inset of figure 3. As expected, the previously air contained structure has been fully infiltrated with In/Bi/Sn alloy. The fibrous network is still perceivable as dark-grey threads, though the most prominent attribute of the image is the grey mass of metal residing in the structure.
To visually investigate the interior structure of the composite and to confirm proper infiltration several methods were employed, including cross-sectioning of assembled structures as well as fracturing of composite specimens. Figure 4 displays the result of an induced fracture of a composite film. The polymer content of the composite is clearly visible as an elastic fibrous network resisting tear after the metal phase of the composite has fractured. The fibers appear aligned as a consequence of tensile strain. Consequently, due to the inherent elasticity of the polymer network the composite is capable of withstanding local deformations substantially larger than a pure metal foil without complete rupture, thus combining the thermal and mechanical (elastomeric) properties the two phases.
The inset of figure 4 depicts a micrograph of a fractured composite surface. The individual phases are clearly visible; polymer fibers extend from the ruptured surface due to the tensile deformation occurring during the fracture, and the stiff metallic phase occupying the remaining volume. Consequently, the metallic phase creates all-metal high thermally conductive paths from surface to surface in the composite.
Thermal performance of the composite was evaluated as a function of interface temperature (i.e. heat flux through the sample) and pressure using the previously 
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.::Jt:.'f> Figure 7 : Effective thermal conductivity of the polymer-metal composite as function of mean interface temperature at assembly pressures from 200 to 800 kPa.
However, as the 60°C melting point of the metal phase is passed the thermal resistance increases significantly reaching values up to 11. figure 5 it is apparent that the thermal resistance corresponding to roughly 51°C and 200 kPa does not follow the indicated trends. The plausible explanation is that a certain relaxation was still taking place in the system after assembly, and the initial increased thermal resistivity is the result of e.g. incomplete wet-out. The dependence of thermal resistance on applied pressure is indicated in figure 5 and explicitly outlined in figure 6 . As seen, there is a clear dependence on pressure. Using the test device's in situ bondline thickness measurement capabilities, the effective thermal conductivity of the composite film was evaluated. In figure 7 the resulting effective thermal conductivity at various pressures as a function of temperature is given. At the specific temperatures evaluated, the effective thermal conductivity exhibits very little scatter despite the varying thermal resistances shown in figure 6 . This indicates that the decrease in thermal resistance with pressure is compensated by a simultaneous decrease in bondline thickness, a phenomena confirmed by the results of figure  8 . The data shows a decrease in bondline thickness from initial values of approximately 74 Jlm at 200 kPa, decreasing with roughly 8 Jlm as the pressure reaches 800 kPa.
For comparison purposes, three state of the art thermal interface materials (thermal pastes with differing filler materials; aluminum and zinc oxide particles and carbon nanofibers), designated TIM A, Band C, were evaluated using the same experimental setup as for the material described in this work. Representative results are given in Notably, despite having the thickest bondline the material exhibits the lowest thermal resistance among materials in the comparative evaluation. This is clearly indicated as an effective thermal conductivity of approximately twice the magnitude of the best reference materials. Furthermore, there is a notable difference in specified thermal conductivity k and measured effective thermal conductivity k effi as seen in the table. The generally smaller values of kef! are a direct consequence of the introduced interface resistances as the material is assembled. Reference measurements performed by a second part, using a xenon flash based system to evaluate the thermal conductivity of the above commercial materials, gave effective thermal conductivities of 0.6, 3.6 and 3.7 (± 10 %) Wm-1K-1 for TIM A, Band C respectively (unpublished work). Results from the reference measurements are thus in accordance with the results produced by the apparatus used in this work.
Conclusions
In this paper a unique type of thermal interface material has been introduced and the thermal performance of the material has been evaluated. The material is composed of two distinct phases; a high porosity polymeric network infiltrated with a low melting temperature alloy. Through the inherent porosity of the polymer network, all-metal high thermally conductive pathways from surface to surface are formed in the composite film. Measurement data indicate thermal resistances as low as 8.5 Kmm?W-1 at bondline thicknesses of approximately 70 Ilm. This corresponds to effective thermal conductivities as high as 8 Wm-1K-1 .
